We used the Robo-AO laser adaptive optics system to image 99 main sequence and subgiant stars that have Kepler -detected asteroseismic signals. Robo-AO allows us to resolve blended secondary sources at separations as close as ∼0. 15 that may contribute to the measured Kepler light curves and affect asteroseismic analysis and interpretation. We report 8 new secondary sources within 4. 0 of these Kepler asteroseismic stars. We used Subaru and Keck adaptive optics to measure differential infrared photometry for these candidate companion systems. Two of the secondary sources are likely foreground objects while the remaining 6 are background sources; however we cannot exclude the possibility that three of the objects may be physically associated. We measured a range of i '-band amplitude dilutions for the candidate companion systems from 0.43% to 15.4%. We find that the measured amplitude dilutions are insufficient to explain the previously identified excess scatter in the relationship between asteroseismic oscillation amplitude and the frequency of maximum power.
INTRODUCTION
Asteroseismology is the study of the internal structure of stars through the interpretation of their brightness oscillations (Aerts et al. 2010) . As early as the 17th century these variations in starlight were identified in stars with large amplitude brightness variations, such as Cepheids and other long-period variable stars (Holwards 1642) . Asteroseismic behavior was initially studied only in the fundamental radial mode in which the star maintains spherical symmetry as it expands and contracts. It is now known that many stars pulsate both in radial and non-radial modes, including our own Sun. As well as advancing the understanding of variability, asteroseismology allows the determination of the fundamental properties of these stars, including density, radius, mass and age Chaplin et al. 2014 ) and has also led to discoveries relating to core properties and rotation rates Deheuvels et al. 2012) .
It has been claimed that all stars with significant surface convection zones will feature oscillations (Handler 2013) . Each observed frequency of oscillation probes an independent measure of an element of the stellar structure, so the more modes for which oscillations are detected, the more information we gather about the star (Christensen-Dalsgaard 2014) . Consecutive oscillation modes are often too close in frequency to be distinguished using ground-based observations. Therefore, observations need to take place above the atmosphere in order to resolve these consecutive modes. Many past and present space-based missions have contributed to the field of asteroseismology including: the Wide-field InfraRed Explorer (WIRE) (Hacking et al. 1997) , the Microvariability and Oscillations of Stars Telescope (MOST) (Walker et al. 2003) , the COnvection, ROtation and planet Transits mission (CoRoT) (Auvergne et al. 2009 ), the BRIght Target Explorer (BRITE) (Schwarzenberg-Czerny et al. 2010 ) and the Kepler mission . Kepler alone has revolutionized asteroseismology as a result of its extensive target sample, near continuous monitoring capability and its increased photon collection power.
Approximately 17,000 stars that demonstrate solarlike oscillations have been observed in short-and longcadence by the Kepler mission Hekker et al. 2011; Bedding et al. 2010; Huber et al. 2011; Stello et al. 2013) . These data are exploited in a number of ways including the examination of oscillation frequencies in Kepler planet host stars (Davies et al. 2016 ) and studying oscillation mode linewidths and mode heights ). The quality of the reduced Kepler asteroseismic data is also improving, e.g., by mitigating the impact of the regular gaps in the data .
Despite the advantages of Kepler, unresolved secondary sources within the Kepler photometric apertures can affect our ability to measure asteroseismically determined stellar properties. This occurs when the radiant flux from the secondary star dilutes the frequency amplitudes in the primary light curve. For example, Campante et al. (2014) sets lower limits for the surface gravity of planet candidate host stars, provided no solar-like oscillations are detected. If an unidentified secondary source was masking solar oscillations this would result in an inaccurate lower limit for surface gravity.
For an asteroseismic star with a physically bound companion, more aspects of the systems can be studied, e.g., Lai (1997) , Springer & Shaviv (2013) and Polfliet & Smeyers (1990) find that tides in close systems can cause the stars to induce or disturb pulsations in one another. Physically associated equal-mass binary stars are likely to follow the same evolutionary path and will display similar oscillation frequencies that may overlap. From the oscillations alone, one may not be able to determine if the target is a binary star or a single hybrid pulsator.
Adaptive optics (AO) can be used to identify the binary companions and background objects to asteroseismic stars at separations unavailable to spectroscopic or seeing limited observations. Campante et al. (2015) used Robo-AO to measure the amount of dilution of the asteroseismic target Kepler-444 in the visible Kepler bandpass by an M dwarf spectroscopic binary system 1. 9 away. Further observations by Dupuy et al. (2016) with Keck AO were unable to resolve the individual components of the M dwarf pair and confirmed the absence of additional fainter nearby sources.
While a handful of asteroseismic stars have been imaged with AO, here we report the first systematic AO survey of asteroseismic stars. We used Robo-AO to observe 99 Kepler stars displaying oscillations to determine the existence of any blended binary companions 1 which may be contributing to the stellar light curve. We then used Keck and Subaru AO to obtain differential infrared (IR) photometry in order to determine the spectral types of each candidate companion. A subset of these systems were also observed spectroscopically for more accurate constraints on their spectral types.
The work is organized as follows: Section 2 describes the target selection and observations. The data reduction and analysis is discussed in Section 3. Analysis of stellar properties occurs in 4. In Section 5 we review the results of the survey, discoveries we have made, followup measurements and target confirmation. Section 6 discusses the impact of these results and further analysis. Conclusions and future work are noted in Section 7.
TARGET SELECTION AND OBSERVATION

Target Selection
To determine if Kepler targets demonstrated detectable oscillations, short cadence data of ∼2000 solarlike stars were provided to the asteroseismic community Gilliland et al. 2010; Huber et al. 2011; Verner et al. 2011) . Approximately 500 were found to display observable oscillations Verner et al. 2011 ) and the Kepler Community Followup Observation Program (CFOP) compiled these stars in to a list of 'standard stars'. Each star in the list was 1 In this paper a candidate companion system is used to describe any visible multiple star system, including where the secondary star is an unassociated asterism and a binary system are two physically associated stars. Binary fraction is used to define the number of physically associated stars whereas candidate companion fraction includes all visual candidate companion systems. assigned a priority of either Platinum or Gold. Platinum stars have full-mission, short-cadence data. Gold stars have lower signal-to-noise asteroseismic detections, e.g., a month of short cadence data. We selected the Platinum sample for our initial AO survey with the intention of observing the full Gold priority sample in later work. Ultimately our target sample contains 97 Platinum and 2 Gold stars due to a reevaluation of the signal-to-noise quality of two targets by CFOP. Seven of the observed platinum standard stars are also Kepler Objects of Interest (KOIs), which are stars that show repeating transit signals. The target sample is detailed in Table 4 .
The stars in our sample are solar-like with effective temperatures between 4910-6700K. Solar-like stars are most likely to display stochastic oscillations as opposed to the coherent pulsations seen in hotter stars. These solar-like oscillations are predominantly acoustic waves (p-modes) that propagate via the compression and rarefaction of gas, with the pressure gradient acting as the restoring force. Because oscillations in solar-like main sequence stars usually have periods of ∼5 -13 minutes, multiple periods can be resolved by Kepler in short cadence mode. Stars with greater apparent brightness are more easily observed due to increased signal and stars with higher luminosity are more likely to demonstrate observable oscillations because oscillation amplitudes increase proportionally with luminosity Kjeldsen et al. 1995) . The standard stars list contains bright stars relative to the entire Kepler Input Catalog (KIC). The stars in our target sample have i ' magnitudes from 7.1 to 11.3. Figure 1 shows the sample on a Hertzsprung-Russell (H-R) diagram. We used the CFOP catalog 2 to obtain the targets' effective temperatures and radii, with errors, and with the exception of KIC 8760414. The luminosity errors were determined using the errors in temperature and radius. The majority of target stars fall on the early-to-mid main sequence, or low on the red giant branch.
Observations
Robo-AO
We used the Robo-AO robotic visible-light laser AO system (Baranec et al. 2013 , mounted on the 1.5m telescope (Cenko et al. 2006) at Palomar Observatory, to obtain high angular resolution images of the 99 asteroseismic stars comprising the target sample. We used a queue scheduled mode to perform all observations contemporaneous with other science programs. Observations took place between 2014 June 15 and 2014 November 7, across 18 nights, with some objects observed more than once to ensure high quality images. For targets observed multiple times, we indicate the date of the highest quality observation. Table 1 identifies the survey and system specifications.
The raw images comprise a sequence of full-frametransfer detector reads from an electron multiplying CCD at a rate of 8.6Hz. We used a total exposure time of 90s that enables the detection of additional sources of up to ∼6 magnitudes fainter than the target . We took all observations in the i ' filter to obtain the sharpest possible images, allowing Robo-AO to detect secondary sources within 0. 15 for bright targets (m<13) in median seeing conditions. We used the NIRC2 infrared camera behind the Keck II AO system to confirm potential secondary sources and obtain supplementary differential near-infrared photometry. These observations took place on 2016 April 23, 2016 September 12 and 2016 September 13. We operated NIRC2 in its 9.9 mas pixel −1 mode which results in a field of view of ∼10. 0. We used the the Brγ filter (central wavelength 2.17µm) for all observations. We obtained 3-point dithered images for each star with total exposure times from 45s to 180s.
Subaru Adaptive Optics
We used the Infrared Camera and Spectrograph (IRCS) behind the Subaru AO system to observe the candidate companions not observed with NIRC2. These observations took place on 2016 June 17. We used IRCS in the 20.57 mas/pixel mode which results in a field of view of 21. 06. We took many of these images in poor conditions due to variable weather on the night. We used a K' filter (central wavelength 2.12µm) and obtained multipoint dithered images with total exposure times from 1s to 84s.
Visible-light spectroscopy
Integral field, visible-wavelength spectra of 8 candidate systems were obtained with the Super Nova Integral Field Spectrograph (SNIFS) on the UH 2.2m telescope on Maunakea on 2016 April 28 and 2016 May 2. Seeing was typically 0. 7-1. 1. SNIFS has a 6 × 6 field of view (15 × 15 pixels) with a 320-970nm spectral range in two channels (B and R) at a resolution of 700-1000 (Aldering et al. 2002; Lantz et al. 2004 ). We used integration times of 1-2 minutes. Flat-field images and Th-Ar spectra were obtained at each pointing to permit accurate calibration of the spectra.
DATA REDUCTION
We used the standard Robo-AO data reduction techniques described in Law et al. (2014) . We calibrated and registered individual frames to synthesize a deep exposure image, before running a fully-automated pointspread function (PSF) subtraction and companion detection routine. We used the additional infrared images and photometry to fit a spectral type to each star and calculated the estimated photometric distances for the candidate companion star. We used spectroscopy to determine the spectral types for some stars.
Data Reduction and Imaging Pipeline
The Robo-AO data reduction pipeline subtracts a dark frame and calibrates the flat-field from each raw frame. We align calibrated frames on the position of the target star then stack them together to create a single reduced image. We manually inspected the reduced images and flagged possible companions within the size of a Kepler pixel, ∼4 . We do not report secondary sources at greater separations, as seeing-limited observations can detect these.
Imaging Performance Metrics
Previous analysis of reduced Robo-AO images has shown that the measured width of the core PSF is an excellent indicator of achievable contrast performance . We fit two Moffat functions to the PSF of each observation, one tuned to the PSF core and the other to the uncorrected halo. If the full-width at half-maximum (FWHM) of the core was ≥0. 14, the image quality and achievable contrast was in the top 30th percentile of all useful Robo-AO observations. If the data obtained for any particular observation did not meet these criteria, the observation was repeated until it did. This ensured homogeneous achievable contrast across the entire survey. The typical 5σ achievable contrast for Robo-AO images for this survey is shown in Figure 2 .
PSF Subtraction
We used a custom locally optimized PSF subtraction routine based on the Locally Optimized Combination of Images algorithm (Lafrenière et al. 2007 ) to identify close secondary sources. A reference PSF was created by using a set of twenty observations taken from observations of other stars, imaged in the same filter and closest in observation time to the target observation. The reference PSF was subtracted from the original image, leaving residuals consistent with photon noise.
Automated Companion Detection and System
Confirmation We used an automated companion detection algorithm developed for our Robo-AO KOI surveys (see Ziegler et al. 2016 ) to detect additional companions not identified in the raw or PSF subtracted data. The significance was found for each candidate companion by sampling and modeling the background noise level as a function of radial distance from the target star. We then slid an aperture of the diffraction-limited FWHM diameter along concentric annuli centered on the target star. Possible astrophysical detections are identified when the enclosed flux of the aperture becomes significantly greater than the local noise. In this sample of brighter stars, bright speckles produce the majority of high-significance detections, which we manually discard.
Reduction of Infrared AO Images
Each dithered image from NIRC2 and IRCS was subject to sky subtraction and flat-field calibration. Each frame was corrected for bad pixels, and stacked to create final images.
3.6. Spectroscopy Reduction Extraction and processing of spectra are described in Aldering et al. (2002) and Mann et al. (2015) . Spectra of identified sources were extracted manually and the distance in pixels computed. The position of the primary source in each image 'slice' (specific wavelength) plus the offset was used to place an aperture on each slice allowing us to obtain photometry of the fainter secondary. Aperture photometry was performed on each image slice after subtracting Gaussian fits to the primary. Corrections to the photometry used the atmospheric extinction of Buton et al. (2013) and additional corrections described in Mann et al. (2015) . Spectra were de-reddened and compared (minimizing χ 2 ) with the Göttingen spectral library, which was generated by the PHOENIX model in spherical mode (Husser et al. 2013 ). Because of low signal in the B channel and lack of photometry to accurately match the two channels, only the R channel was used. Several narrow wavelength ranges that are difficult to model or have strong telluric absorption lines were also excluded (Mann et al. 2013, see) . We adopted the estimated extinction values for each of the targets from the KIC catalog, with the caveat that the actual values could be much larger if the sources are not physical companions.
ANALYSIS OF STELLAR PROPERTIES
We measured the relative astrometry and photometry and determined the spectral types for each of the discovered candidate companion systems. We then used this information to determine the distance to each candidate companion star and calculated the possibility of physical association of these systems. We also report the oscillation amplitude dilution due to the radiant flux of the secondary star. These results are summarized in Tables  2 and 3. 4.1. Relative Astrometry We determined the separation and position angle between the primary and secondary stars, which includes a correction for optical distortion by using the solution produced from Robo-AO measurements of globular clusters detailed in Riddle et al. (2015) . The PSF subtracted images were used to find the position of the secondary relative to the primary for the companions found at a detection significance of <3σ.
Photometry and Individual Spectral Types
We used aperture photometry to determine magnitude differences for all the candidate companion systems in both i ' and K'. The images are high resolution and with well separated companions, so the brightness of each star can be measured using simple aperture photometry. We corrected for the radiant flux of the primary PSF halo by subtracting an aperture on the opposite side of the candidate companion star. Errors for the companion photometry were estimated using a varying aperture with the width of the stellar PSF and measuring the standard deviation of the difference.
We compared the spectral types determined through our photometry with the blended system spectral types available on Kepler Asteroseismic Science Operations Center (KASOC) online database 4 . We found the spectral types of 6 of the candidate companion systems on KASOC: five F stars and a G star. The spectral types for the remaining two candidate companion systems were not available so we used apparent magnitudes for J, H, K' and i' bands from the CFOP catalog and fit them to a catalog of main sequence standards from Kraus & Hillenbrand (2007) using code developed by Atkinson et al. (2017) . This resulted in two K candidates, KIC 7584900 and KIC 11554100, with effective temperatures of 4960K and 5150K respectively. The primary star dominates the radiant flux in each system and we found that our fit primary spectral types are consistent with the candidate companion system spectral types from KASOC/CFOP. The luminosity classes assigned to these two K subgiants are from asteroseismology.
We used the KIC magnitudes listed on CFOP as the combined apparent magnitude of the blended primary and secondary star. We determined the individual stellar magnitudes for the primary and secondary stars from the combined apparent magnitude and our measured magnitude differences.
We then used the individual magnitude values to fit the spectral type of each each star. Measured photometry and uncertainties generate Gaussian distributions of i-K and Kepler -K. Photometric values are weighted by measured uncertainty, and corrected for reddening using existing A V values and standard absorption relations (Cardelli et al. 1989 ). The Atkinson et al. (2017) model only fits to main sequence stars, does not take into account age or metallicity and does not discriminate between dwarfs and giants. We infer the radius from the spectral fit to the secondary source assuming they are all dwarfs.
Amplitude Dilution
Radiant flux from a companion star in an unresolved binary system will contaminate the Kepler light curve, reducing the relative amplitude signal, hindering the determination of oscillation frequencies. Using the relative photometry between the primary and the secondary stars we determined the amplitude dilution, A,
in the i ' and K' bands, where f 1 and f 2 denote the radiant flux of the primary and secondary star respectively.
Estimation of Photometric Distances
We used the target distances determined by Mathur et al. (2016) , who revised stellar properties for almost 200,000 Kepler stars using isochrone fitting. To determine the corrected distance to the primary, we subtract off the measured radiant flux of the secondary in i ' and recalculate the distance,
where d corrected is the corrected distance to the primary star and d blended is the distance reported by Mathur et al. (2016) of the blended system. To calculate distances to the secondary sources, we used the standard distance modulus equation with our measured apparent magnitudes and the absolute magnitudes derived from our fit of spectral type. By comparing whether the distances to the primary and secondary stars overlap within measurement error, we are able to determine whether the stars can be physically associated. From the derived distance measurements we calculated the significance of the difference in distances. For values >3σ these systems are likely to be physically unassociated. For a confidence level less than this, we cannot rule out the possibility of physical association.
DISCOVERIES
We initially found 11 candidate companion sources within 4. 0 of the 99 Kepler standard stars we observed with Robo-AO. We found 7 in the initial manual search of reduced images and another 4 in the PSF subtracted images. We then used NIRC2 and IRCS to observe all of these candidates (see Table 5 ) and ruled out three of the candidate secondary sources found from PSF subtracted images. The Robo-AO discovery images are summarized in Figure 5 with the companion found in the PSF subtracted image, KIC 11554100, shown in Figure  6 . The IRCS and NIRC2 are shown in Figures 7 and 8 respectively. Three of the target sample stars, all KOIs, have had secondary sources previously detected that were fainter than our survey sensitivity. These are noted in Table 4 .
Spectroscopy
We were only able to extract the spectra for 3 of the secondary sources due to decreased achievable contrast ratio with the seeing-limited SNIFS instrument. We find that the secondary to KIC 5955122 has a spectrum consistent with that of a late-type (T e ≈ 3200K), metalpoor ([Fe/H] ≈ −0.5), M dwarf, with an indication of Hα in emission (See Figure 9) . The secondary sources to KIC 7584900 and 7747078 have spectra that match hotter dwarfs, with T e ∼ 5900 and 6500K, respectively, but with large uncertainties.
5 B-band fluxes from both of these stars are significantly attenuated with respect to the best-fit models, suggesting that extinction along the line of sight is much higher and, possibly, the stars are more distant and unrelated to the targets. Values derived from spectroscopy are noted in Table 3 .
Are Secondary Stars Background/Foreground
Objects? We calculated the probability of the 8 candidate companions not being associated using their photometric distances (see Table 3 ). We found six of these candidate companions are likely to be background sources, although we cannot rule out that KICs 9139163 and 11554100 may be potentially physically associated. The remaining two candidate companions are likely foreground objects, however KIC 7584900 may be physically associated. It is possible that these secondary sources could be very distant giants as opposed to nearby dwarfs.
6. DISCUSSION 6.1. Impact on Stellar Oscillation Amplitudes By studying stellar oscillation amplitudes, we gain insight into the poorly understood physics of surface convection that cause the stochastic excitation and damping of solar-like oscillations (e.g., Houdek et al. 1999) . Over the last two decades a consensus has emerged that oscillation amplitudes scale as a function of luminosity, temperature and mass with different power law coefficients (Kjeldsen et al. 1995; Stello et al. 2011; Huber et al. 2011; Corsaro et al. 2013) . Despite the recent advances due to the large sample observed by Kepler, the residual scatter of amplitude scaling relations remain significantly larger than the measurement uncertainties. Huber et al. (2011) shows a standard deviation of the oscillation amplitudes that is 2.4 times larger than the median uncertainty. This suggests that the errors do not explain the scatter, which implies an as of yet unidentified additional physical mechanism influencing oscillation amplitudes.
We binned the values of frequency of maximum power from Huber et al. (2011) to widths of 100µHz and calculated the ratio of amplitude standard deviation to average measurement error for each bin. All but one bin produced a result greater than 1, with a range of 0.9 -9.5, implying the scatter of the amplitude measurements exceeds measurement error. The binned values produce a ratio of standard deviation to measurement error of 3.0.
The presence of undetected companions or secondary sources to these asteroseismic stars could provide an explanation for the additional scatter seen in the predictions of oscillation amplitude. These secondaries contribute additional radiant flux and hence cause a systematic dilution of the observed amplitudes in the Kepler bandpass. To test this, we have used the asteroseismic data from Huber et al. (2011) , whose target sample contains all our candidate companion systems. Figure 3 shows the relation between oscillation amplitude and the frequency of maximum power (ν max ) for the full Huber et al. (2011) sample. For clarity, Figure 4 shows only stars included in our survey and the oscillation amplitudes after correcting for the amplitude dilution by secondary sources. The correction of amplitude dilution has a negligible effect on the overall scatter of oscillation amplitudes vs. the frequency of maximum power. Fainter sources below our sensitivity limit will have amplitude dilutions of < 1% which will have an even smaller impact on the scatter. Therefore, the presence of stellar companions to asteroseismic stars is unlikely to be the sole cause of the large scatter.
Comparison of the Detected Companion Fraction to
the Robo-AO Kepler Planetary Candidate Survey We compared the candidate companion fraction from this, the asteroseismic sample to the Robo-AO Kepler Planetary Candidate Survey sample (comprising >90% of the KOI catalog, Law et al. 2014; Baranec et al. 2016; Ziegler et al. 2016) to determine if there is a fundamental difference between them.
The number of candidate companion systems divided by the size of the sample produces the candidate companion fractions. Errors on these fractions are determined using binomial statistics (e.g., ?). While both surveys use Robo-AO and observe KICs, the asteroseismic sample is brighter, has a narrower range of effective temperatures and, on average, is observed in better conditions.
Overall, for separations out to 2. 5, the asteroseismic sample has a lower companion fraction than the KOI sample and they do not agree within 1σ error (4.0% +3.0% −1.2% and 8.7%
+0.5% −0.5% respectively). To determine a more comparable companion fraction for the KOI sample, we combined data from each of the KOI surveys and removed all stars with spectral types inconsistent with the asteroseismic sample. This meant removing all KOIs less than 3900K and above 7600K.
Asteroseismic stars on average appear brighter than KOI stars, so we further restricted the KOI sample by primary star magnitude. Restricting the sample in the iband results in stars between 7.1 and 11.3 mag, making it consistent with the asteroseismic sample. When restricting by both temperature and magnitude the companion fraction for the KOI sample rose to 13.8% +9.0% −5.8% . We did not include stars without an observed i -band magnitude. This is unexpected as the asteroseismic sample survey comprises deeper contrast images on average and should therefore produce more candidate companions than the KOI survey. This discrepancy could be due to several factors, e.g., an astrophysical mechanism preventing aster-oseismic stars from developing binary companions, small number statistics, or from a biased selection process for the the standard and/or KOI stars, due to small number statistics. We plan to survey the remaining standard stars list (N∼400) in order to confirm if this discrepancy is real.
CONCLUSION
We used Robo-AO to observe 99 Kepler stars that demonstrate stellar oscillations and found 8 candidate companion systems that dilute the oscillation amplitudes of their primary light curves. Amplitude dilution values amongst these stars range from 0.43% to 15.4% and does not explain the excess scatter in the relationship between asteroseismic oscillation amplitudes and the frequency of maximum power , Corsaro et al. 2013 .
Using additional infrared photometry we calculated the photometric distances to the secondary sources of the candidate companion systems. We found that two of the secondary sources are likely foreground objects and at least six of the secondaries are background sources; however we cannot exclude the possibility that three of these may be physically associated. The measured companion fraction of our Kepler asteroseismic sample is 4.0%
(for separations out to 2. 5), and is lower than that found for KOIs. A larger sample of asteroseismic stars is needed to determine if this is an astrophysical, bias and/or small sample effect.
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Facilities: PO:1.5m (Robo-AO), Keck:II (NIRC2-NGS), Subaru (IRCS), UH 2.2m (SNIFS) Figure 5 . Robo-AO i'-band images of discovered candidate companion systems. The secondary source is outlined in blue circle. Scale and orientation shown at bottom right. 
